We have isolated a dominant behavioral mutation, Photophobe (Ppb), on the second chromosome of Drosophila melanogaster. Although wild-type flies are attracted towards green light, flies homozygous for the Ppb mutation avoid it over an intensity range of six logarithms. Ppb interacts in a dominant way with mutations in the sevenless (sev) gene, an X-chromosomal gene necessary for photoreceptor cell 7 differentiation in the Drosophila retina. Specific alleles of sev alter the Ppb behavioral phenotype; of eight sev alleles tested, two alleles enhanced the negative phototaxis ofPpb, whereas six alleles had the opposite effect. In no mutant combination ofPpb and sev was photoreceptor cell 7 restored. These data show that the sev gene, in addition to its role in the differentiation of photoreceptor cell 7, plays a role along with Ppb in a common visual information-processing pathway.
Over 200 genes have been identified that have mutant phenotypes affecting development and function of the Drosophila visual system (1, 2) . The defects of many nonphototactic mutants have been related to photoreceptor cell structure or the phototransduction process (3-5; for review, see ref. 2) . Behavioral tests (6) and anatomical screens (7) have also led to the isolation of mutants with a range of visualsystem defects (for example, see ref. 8) . In one example, the double-mutant combination of reduced optic lobes (rob and small optic lobes (sob) severely reduced the volume of the optic lobes to <12% normal. Such rol sol flies are nonresponsive to a rotating pattern of vertical light and dark stripes. However, they do tend to avoid a single, stationary or rotating stripe, whereas normal flies are attracted toward it (9, 10) .
The sevenless (sev) gene is ofparticular interest because of the exquisite precision of its phenotype; each ommatidium in the adult compound eye of a sev mutant fly lacks one of the eight photoreceptors, photoreceptor cell 7 (R7). The normal sev gene product is necessary for the differentiation ofcell R7 during early eye development (11) (12) (13) . Flies carrying the sev mutation also have a behavioral abnormality. Wild-type flies, given a choice in a T maze between UV light and green light, show a 10-fold preference for phototaxis towards UV light. In the same test, sev mutant flies make the opposite choice, preferring green light (14, 15) . This behavioral difference has been used to isolate new sev alleles (16, 17) . We conjectured that the color-choice test could be used to find dominant extragenic suppressor mutations that would reverse the abnormal color preference of sev mutant flies. Such mutations might identify genes that interact with the sev gene during differentiation of R7 or that affect neuronal pathways that process visual information.
In this paper, isolation and characterization ofthe mutation Photophobe (Ppb) is described. Ppb is a dominant mutation on chromosome 2 that was isolated on the basis of a reversal in the UV-green color preference ofsevLY3 flies. This change in behavior was not accompanied by the return of R7. Remarkably, flies carrying two copies of the Photophobe gene (Ppb/Ppb) are repelled from, rather than attracted toward light.
MATERIALS AND METHODS Drosophila Stocks. Flies were raised on cornmeal-yeastagar medium (18) at 250C and 40%o humidity in a 12-hr light/dark cycle. The stocks used in these studies were as follows: wild type (C-S, Canton-Special); sevLY3 (11); sev'3, sev'I, sev'r, sevES (17) ; sevd2, sevf3lE, sev3 (16) . The mutations and balancer chromosomes used are described in Lindsley and Grell (1) .
Mutagenic Screen. Males of the sevLY3 strain were fed 25 mM ethylmethane sulfonate in 1% sucrose for 24 hr (19) and mated to sevLY3 homozygous females. Sixty thousand progeny, 2-6 days old, were tested in groups of 50; each group was run through three trials of the T-maze photo-choice (green versus UV light) test. Individuals choosing UV light in all three choice trials were then tested for phototaxis toward an unfiltered germicidal lamp in a 15-trial countercurrent apparatus, and ones that moved toward UV light >7 of 15 times were used to establish 1% lines. Populations of these lines (all in sevLY3 background) were tested for heritable alterations in color-choice behavior. Six lines that consistently showed preference for UV over green were then established, one of which (sevLY3; Ppb/SM6a) was chosen for detailed analysis.
Ppb was maintained as a balanced stock (the double mutant-sevLY3; Ppb/SM6a or the single mutant-Ppb/ SM6a). For all experimental manipulations, females from these balanced stocks were outcrossed to sevLY3 or C-S males, respectively. All phototaxis results reported are either for the sevL'Y3; Ppb/ + or the Ppb/ + progeny. The original mutagenized second chromosome containing Ppb was a homozygous lethal mutation. In mapping the Ppb mutation, two useful recombinant chromosomes were obtained. One of these (al dp b Bi, Ppb) also carried a recessive lethal mutation. The other recombinant chromosome (al dp b,Ppb) did not contain a recessive lethal mutation, but the homozygous flies were not suitable for phototactic experiments because of their mutant wings (20, 21 (Fig. 1B) . Flies were tested for phototactic preference between darkness and 550-nm green light (log Igreen = 1.5). In this and in all other figures, the reported A indicates the mean of at least three independent measurements ± SEM. At least 300 6-to 8-day-old flies of each genotype were tested.
This effect is seen in spite of the continued absence of R7 in the eyes of the doubly mutant flies (data not shown). An unexpected finding was that, under defined conditions where both normal and sevLY3 flies prefer green light over darkness, sev'"-3; Ppb/ + flies prefer darkness over green light (Fig. 1C and Table 1 ); hence, the designation of this mutation as Photophobe.
As an independent test of the negative phototaxis of sevLY3; Ppb/ + flies, the countercurrent apparatus (21) (Fig. 2A) .
When tested in the countercurrent apparatus for movement away from light, normal flies avoided light an average of only 3-4 of 15 trials. In contrast, sevL'Y3; Ppb/ + flies avoided light an average of 12-13 of 15 trials (Fig. 2B) . This observation demonstrates a true photophobic response; the poor response toward light cannot be ascribed to a general motility defect.
Intensity Dependence of Phototaxis to Green Light. Fig. 3 shows the results for flies of various genotypes tested in the T maze for phototactic response to green light, as functions of I. Wild-type flies showed a threshold between log I = -6 and -5 (Fig. 3A) . The response first increased with intensity, then diminished at the highest intensities tested. In contrast, flies homozygous for the Ppb mutation (Ppb/Ppb in Fig. 3A Fig. 3A) . These phenotypes were characteristic offlies at any age from 1 to 10 days.
Flies carrying the sevLY3 mutation were positively phototactic to green light at all intensities tested above threshold (Fig. 3B) . The threshold of sevLY3 flies increased with age.
Flies aged 4-6 days had a threshold between log I = -3 and -2 (Fig. 3B) , whereas 1-to 3-day-old flies had a threshold similar to the wild type (data not shown). Doubly mutant flies (sevLY3; Ppb/ + Fig. 3B ) were repelled by green light over an above-threshold intensity range of four logarithms. This negative phototaxis of sevL'; Ppb/ + flies is not fully manifest until 4-6 days of adult life; therefore, flies of at least that age were used in Fig. 3 Interaction ofPpb with sev Is Allele Specific. To test whether the effect ofPpb in reversing phototaxis in combination with sev1-3 could be due to its interaction with some mutation other than sevL Y3, flies were constructed in which all autosomes and the entire X chromosome outside of a three-mapunit region surrounding sev1t3, had been replaced with the chromosomes of an isogenic C-S strain. This stock was established in our laboratory by R. Hackett using an isogenic strain provided by J. O'Tousa (University of Notre Dame).
When introduced into this strain (designated sevL"3'), the double-mutant combination sevLY3-; Ppb/ + retained its negative phototaxis (Table 1 ). These data indicate that the interaction between sevLY3 and Ppb is due to the sevLY3 mutation itself or a second mutation very closely linked to it. and A, sevLY3; Ppb/ + . At least 150 4-to 6-day-old sevLYI flies or 250 4-to 6-day-old sevL'3; Ppb/ + flies were tested for each data point. For wild-type flies, the ratio of intensities giving A = 0.5 near threshold and in the high-intensity inhibitory range was the same as found by Heisenberg and Buchner (14) who measured a very different "slow" phototactic response.
Further confirmation that Ppb interacts directly with sev comes from studies on eight different mutant alleles of sev. Females homozygous for each sev allele were mated to sevLY3; Ppb/SM6a males. From each cross, some of the resulting male progeny had the sev allele in question on their X chromosomes and were heterozygous for the autosomal Ppb mutation. These flies were tested for phototaxis at a single intensity of green light. Only two of the eight alleles tested (sevLY3 and sevP3) were negatively phototactic in the presence ofPpb (Fig. 4) . Thus, the interaction ofPpb with sev that causes negative phototaxis is allele specific. Combining each of the other six alleles of sev and Ppb caused a positive phototactic response at the particular intensity of green light used (log I = -1.5), as compared with Ppb in the absence of any sev mutation ( Fig. 4; Table 1 ). These data also suggest an interaction between sev and Ppb in determining phototaxis. sevLY3-'; Ppb/ + -0.32 ± 0.06 330 Flies were tested in a T maze for preference between darkness and green light of 550 nm (log I = -1.5). The reported A is the mean of at least three independent measurements ± SEM. n, number of flies tested. A positive A indicates phototaxis toward green light; a negative A indicates a photophobic response. The normal neural circuitry would appear to include a mechanism for avoiding light. Drosophila larvae are negatively phototactic (25) . Also, at high intensities of visible light, normal Drosophila adults show an inhibition of phototaxis. This inhibition is absent in sev flies, which remain positively phototactic at high light intensity. This is evident by comparing sevLY3 (Fig. 3B ) and wild type (Fig. 3A) . This observation has been interpreted (14, 15, 24) as an indication that, at high light intensities, R7 and/or photoreceptor cell 8 inhibit the inputs of photoreceptor cells 1-6 into the phototactic response pathway. This inhibition would be relieved in sev mutants because R7 is missing. An alternative explanation is that the sev gene has another function besides its role in the development of R7, somewhere in the neuronal pathway that leads to the inhibition of phototaxis at high light intensity. The fact that the interaction between sev and Ppb is allele-specific, even though cell R7 is absent in all such double mutants, is further indication for the putative role of the sev gene. Because there is a mechanism in wild-type adult flies for inhibiting phototaxis, it is conceivable that this mechanism becomes constitutive at all light intensities in flies homozygous for Ppb or in flies doubly mutant for sevLY3 and Ppb.
The specific interaction between Ppb and different sev alleles indicates that the products of these two genes are both involved in processing of visual information or in determination of cells involved in such processing. Such an epistatic interaction can occur if the gene products interact directly or if they function in a common pathway. An allele-specific interaction between two other mutations affecting the Drosophila visual system, norpA and rdgB, has suggested that both genes are involved in the phototransduction process (26) . Such allele-specific interactions have been studied extensively in bacteria and yeast. For example, second-site mutations that suppress missense mutants of the bacteriophage P22 are almost always found in genes whose products interact physically with products ofthe suppressed gene (27) .
The epistatic interaction between sev and Ppb is intriguing because it reveals a previously unknown complexity in the sev phenotype. All 20 existing sev mutant alleles have been isolated as male viable and fertile alleles, selected by one of two means. The first method was on the basis of their effects on phototaxis or color choice [e.g., sevLY3 was originally isolated as a mutant with defective phototaxis (11) ; sev'2 was isolated as a mutant with altered preference between green and UV light (16) ]. The second method was by structural criteria indicating the absence ofR7 (17) . All these alleles lack R7, but some of them differ in their interactions with Ppb.
These differences indicate that sev functions in cells other than R7 and subserves a function in phototaxis that is separable from its function in the determination of R7.
It is interesting that, in wild-type flies, the sev gene produces the same size transcript not only in developing eye discs, where the differentiation of R7 occurs, but also in the adult head (17, 28) . This is true also for heads of mutant flies that completely lack eyes (P. Renfranz and S.B., unpublished work), and in situ hybridization indicates expression in the brain (J. A. Pollock and S.B., unpublished work). Flies carrying sevLY3 have normal-sized sev transcript and protein detectable by an antibody that recognizes a C-terminal portion of the protein (29) . Flies carrying seve3 make a shorter transcript due to deletion of 3' genomic sequences (17) . It is not known whether sev"3 makes a partial sevencoded peptide because the antibody-reactive segment is deleted. What distinguishes sevLY3 and sev"3, which interact with Ppb to enhance negative phototaxis, and the other six alleles of sev that increase positive phototaxis remains unanswered. (Fig. 4) . Of the latter alleles, five show no detectable sev-encoded protein, whereas one does show such a protein. (U. Baneree and S.B., unpublished).
From sequence similarity, Hafen et al. (28) have suggested that the sev-encoded protein may be an integral membrane protein with tyrosine kinase activity and an extracellular receptor domain. The normal Ppb-encoded product could conceivably act as a ligand for such a receptor in cells other than R7. This interaction could be important for the proper function, wiring, or differentiation of cells involved in the visual-information processing pathway. The isolation of Ppb is one step toward the identification of genes that affect the processing of visual information that guides phototaxis. This prompts an investigation of the visual system of these mutants for alterations in anatomy and physiology. Such studies have, indeed, revealed alterations in both structure and function of the first optic ganglion, the lamina, which will be described separately.
